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a b s t r a c t
Microarray technology is an important tool in functional genomic research. It has enabled
a deeper analysis of genomic diversity among bacteria belonging to the Mycobacterium
avium complex (MAC). In addition, the expression of thousands of genes can be studied
simultaneously in a single experiment. With the complete genome sequence of a bovine
isolate of M. avium subspecies paratuberculosis, and the independent construction of DNA
microarrays in our laboratories, transcriptomic studies for this veterinary pathogen are
now possible. Furthermore, the bovine genome sequence project is completed and bovine
arrays have been developed to examine host responses to infection with M. avium subsp.
paratuberculosis. Collectively, genomic and transcriptomic data has yielded novel insights
surrounding the genetic regulation and biology of Johne’s disease.
Published by Elsevier B.V.
1. Introduction
Important and foundational research that includes
genome sequencing and microarray design has been com-
pleted for the veterinary pathogen Mycobacterium avium
subspecies paratuberculosis (MAP). Subsequent studies
using this foundation have led to a better understanding of
the genomic diversity and biology of this bacterium. Much
of the focus on MAP is warranted as it causes a disease of
considerable economic impact to dairy industries world-
wide. It is estimated that annual losses to the U.S. dairy
industry from Johne’s disease exceed $220 million USD (Ott
et al., 1999). Specifically, lower lactation performance and
early culling from the herd are the main reasons for such
losses (Raizman et al., 2009). Johne’s disease presents as
a granulomatous inflammation of the intestinal tissue and
regional lymph nodes due to a massive influx of monocytes
and macrophages. This inflammation effectively prevents
∗ Corresponding author. Tel.: +1 515 663 7340; fax: +1 515 663 7458.
E-mail address: john.bannantine@ars.usda.gov (J.P. Bannantine).
absorption of nutrients, and therefore cattle in the later
stages of disease show significant weight loss and diar-
rhea. However, the infection is chronic and it takes years
to observe clinical signs. Transmission of the organism is
via young calves feeding on milk contaminated with MAP.
The bacterium is also shed in the feces, therefore fecal-oral
route is another mode of transmission.
The field of functional genomics has revolutionized our
understanding of the process of transcription, as it cou-
ples the power of complete genome sequencing with the
miniaturization of PCR products or oligonucleotide arrays,
allowing the generation of information about the total
cell transcriptional responses in defined conditions. In the
genus Mycobacterium alone, metabolic studies (Kendall et
al., 2007; Micklinghoff et al., 2009; Talaat et al., 2007), vir-
ulence gene expression (Abomoelak et al., 2009; Agarwal
et al., 2007), pseudogene transcription (Williams et al.,
2009), host response to infection (Beisiegel et al., 2009),
transcriptional regulators and the genes they affect (Fontan
et al., 2009; Kendall et al., 2007; Ward et al., 2008) have all
been advanced using microarray technology. The explosive
growth of publications using microarrays has prompted
0165-2427/$ – see front matter. Published by Elsevier B.V.
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development of the MIAME guidelines (Brazma et al.,
2001) to ensure minimal reporting standards for microar-
ray data, and subsequent technological advances in array
production allowed for more sophisticated techniques like
ChIP-on-chip technologies (chromatin immunoprecipita-
tion followed by DNA microarray) for the genome-wide
detection of binding sites for DNA-binding proteins (Sala
et al., 2009). Recently, high-density tiling arrays with short
oligonucleotide overlaps have already allowed a more
detailed study of transcription in MAP, M. leprae, Caulobac-
ter crescentus, Listeria monocytogenes and Bacillus subtilis
(McGrath et al., 2007; Rasmussen et al., 2009; Akama et al.,
2009; Toledo-Arana et al., 2009; Wu et al., 2006, 2007).
We now know that the microbial transcriptome is much
more complicated than previously thought, and includes
long antisense RNAs and many more noncoding RNAs
than identified previously (Rasmussen et al., 2009; Toledo-
Arana et al., 2009). Tiling arrays advance transcriptomics
because they are not bound by the annotation errors in
genomics. In fact, they can be used to identify transcription-
ally active genes missed by annotation as we discovered
in our laboratories (unpublished data). The only technol-
ogy not adopted yet for Johne’s disease is ChIP-on-chip
experiments. Nonetheless, important insights into Johne’s
disease have been gained from both the host and pathogen
perspectives using microarrays.
2. MAP genomic diversity
MAP is a member of the Mycobacterium avium com-
plex (MAC). Other members of the MAC group include
M. avium subspecies avium (MAA), M. avium subspecies
silvaticum (MAS), M. avium subsp. hominsuis (MAH) and
a second species M. intracellulare (MI). Cattle can be
infected systemically with MAA and MAH, but humans
are infected preferentially with MAH. All members of the
MAC are highly genetically similar, although the small dis-
tinctions between MAA and MI are now well established
(Boddinghaus et al., 1990; De Smet et al., 1996; Feizabadi
et al., 1997; Thorel et al., 2001). The genome sequences
available for members in the MAC group are only MAP K-10
and MAH strain 104. These two genomes clearly demon-
strate the close genetic similarity between these subspecies
and furthermore, DNA–DNA hybridization studies have
long ago shown a strong genetic similarity between MAP
and MAA (Hurley et al., 1989; Saxegaard et al., 1988;
Yoshimura and Graham, 1988). More recently, a greater
than 98% nucleotide identity was shown to exist when
comparing the majority of the MAP and MAH genomes to
each other (Bannantine et al., 2003). Preliminary data sug-
gested that MAP and MAS may be even more similar than
MAP and MAH (Paustian et al., 2005). However, more recent
genotyping data now shows that MAH and MAS are closer to
each other than they are to MAP (Turenne et al., 2008). This
close genetic relatedness does not explain why members
of the MAC group are so phenotypically different.
Genetic diversity among MAP isolates has been the
predominant theme in published MAP genomic studies
during 2003 to the present. From repetitive DNA sequences
(Amonsin et al., 2004; Bull et al., 2003) to amplified frag-
ment length polymorphism (AFLP) and pulsed-field gel
electrophoresis (PFGE) analysis (de Juan et al., 2005; O’Shea
et al., 2004), differences on the MAP chromosome have been
identified and utilized for discriminatory subtyping of iso-
lates. Most of these studies have used the genome sequence
of MAP to aid in the identification of genetic regions of vari-
ability (Amonsin et al., 2004; Overduin et al., 2004; Paustian
et al., 2005; Semret et al., 2004). Techniques that both
reveal genetic diversity and can be used to discriminate
among MAC isolates include short sequence repeat analy-
sis (Amonsin et al., 2004), variable number tandem repeat
analysis (Bull et al., 2003; Overduin et al., 2004), PFGE (de
Juan et al., 2005), AFLP (O’Shea et al., 2004) and represen-
tational difference analysis (RDA) (Dohmann et al., 2003).
All were used to distinguish between MAP and MAH. In
one study, optical mapping was used to examine genomic
synteny among MAP isolates and showed a great deal of
conserved genomic organization (Wu et al., 2009).
Prior to the development of a MAP microarray, some
regions of the MAP genome had been discovered that are
not present in MAH. Sheridan and coworkers (Sheridan
et al., 2003) examined the GS element of MAP which was
previously found using RDA and is reported absent in M.
avium subsp. avium (Tizard et al., 1998). This 6500-bp
region was analyzed in silico using bioinformatics tools,
which predicted that coding sequences are involved in
GDP-fucose biosynthesis and modification of the oligosac-
charide moiety of GPL. Stratmann et al. (2004) also used the
RDA technique to find a novel 7-kb ABC-transporter operon
located within a 38-kb segment that is flanked by an inser-
tion sequence. Also located on this 38-kb island are several
gene clusters thought to be involved in iron uptake. These
investigators went further by demonstrating the location
and expression of two coding sequences in the ABC trans-
porter operon to support their in silico findings. They found
that both MptC and MptD were surface located on the MAP
bacilli. They concluded that this is the first pathogenicity
island discovered in MAP. Despite these significant studies,
the presence or absence of genes at a whole genome level
still remained to be defined.
3. A key tool: the DNA microarray
It was against this background that microarray-based
genomic studies were initiated. The goal was to better
define genes that were present or missing when comparing
genomic DNA from two strains or isolates by competitive
hybridization to a microarray. These comparisons might
reveal differences that could yield clues to host range or
phenotype. For example, it is well known that MAP requires
exogenous mycobactin J in the culture media for growth
whereas MAA and MAH do not. It has been observed that
the mbtA gene in the mycobactin biosynthesis operon is
truncated in MAP compared to MAH suggesting that this
may be a reason for the mycobactin J requirement (Li et al.,
2005).
The first MAP microarray consisted of spotted PCR
products based on predicted coding sequences in the
K-10 genome (Li et al., 2005). This library of PCR prod-
ucts representing MAP coding sequences was constructed
with primers designed by Primer3 software (Rozen and
Skaletsky, 2000) to amplify fragments of 500 bp from each
J.P. Bannantine, A.M. Talaat / Veterinary Immunology and Immunopathology 138 (2010) 303–311 305
Fig. 1. Comparative genomic hybridization analysis of MAC species. Shown is a clustergram displaying hybridization signals generated from genomic DNA
hybridizations of different mycobacterial isolates. Each column in the clustergram represents a single microarray profile from the species indicated at the
top. Only the hybridization signals from a region encompassing gene identifiers MAP0821 to MAP0896 are shown. The yellow-to-blue color bar represents
low to high log ratios of the hybridization signals generated from each genome relative to that of MAP K-10. The genes shown in yellow, indicating a
low probability of being present in those genomes, corresponds to LSP4 (Semret et al., 2005), which is an insertion present only in MAP. MAH = M. avium
subspecies hominissuis, MAA = M. avium subspecies avium, MI = M. intracellulare, MAS = M. avium subspecies silvaticum. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)
ORF using purified genomic DNA as template. The array
was built with 4110 PCR products representing 95% of the
genome. It was used in DNA hybridization experiments to
examine genomic diversity among species (Paustian et al.,
2005). Using the array of spotted PCR products, some dif-
ferences in MAC members became evident. Through this
approach, 3 defined segments, comprising 24 genes were
missing in the MAP sheep strain, Telford 9.2 when com-
pared to the bovine strain K-10 (Marsh et al., 2006). One
identified region of difference (RD) is shown in Fig. 1. These
genomic differences may account for the host specificity
observed in sheep strains.
Because only 95% of the genes could be amplified by
PCR from this GC-rich bacterium, an oligonucleotide array
was designed and built. Every predicted open reading
frame in the MAP strain K-10 genome is represented on
this array. One 70-mer was designed for each gene with
a total length of less than 4000 bp, while longer genes
were split in half and one 70-mer oligo was designed for
each half. This array had the added feature of containing
MAH sequences that were less than 30% identical to MAP
genes. Additional details of this microarray design can be
found elsewhere (Paustian et al., 2008). Two additional
oligo arrays were built using MAH strain 104 sequence
data (Semret et al., 2004; Wu et al., 2006). One of these
arrays contained oligonucleotide probes 70 nucleotides in
length (Semret et al., 2004) while the other consisted of
tiled oligonucleotides where each gene was represented by
14 pairs of probes (Wu et al., 2006). The MAH subspecies
is similar enough that these arrays were successfully used
to examine genomic differences between MAP and other
members of the MAC. A second-generation array was con-
structed that contained both subspecies paratuberculosis
and hominissuis. This microarray contains 60-mer oligonu-
cleotide probes that represent 100% of the annotated genes
in both genomes, yet uses only 5744 probes in the final set
(Castellanos et al., 2009).
To better understand the host response to infection
with MAP, a bovine microarray was constructed in Paul
Coussens’ lab at Michigan State University. The first gener-
ation bovine cDNA array used in studies on Johne’s disease
was a bovine total leukocyte array, termed BOTL-2, that
consisted of 721 bovine expressed sequence tags (ESTs)
and amplicons representing known genes (Coussens et al.,
2002). The known genes included those encoding cytokines
IL-1, IL-4, IL-5, IL-6, IL-10, IL-12, TNF- and IFN-. This array
continued to evolve into the BOTL-3, which had 709 ESTs
and 345 amplicons representing known genes (Coussens
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et al., 2003) and finally, the BOTL-5, which contained 750
ESTs and 750 known gene amplicons (Murphy et al., 2006;
Skovgaard et al., 2006). As described below, unique insights
on the bovine immune response were obtained using the
BOTL array. The only other host array used in MAP studies is
the mouse array for examining response to MAP and MAA
infections of murine macrophages. The investigators found
a significant decrease in genes that promote inflammatory
responses for MAP, but not MAA (Basler et al., 2008).
4. Genomic diversity revisited
All of these M. avium-based arrays were initially built
to examine genomic diversity and as such they were
hybridized with genomic DNA to determine presence or
absence of genes. A total of 24 and 18 genomic islands
were identified belonging to MAH and MAP, respectively
(Wu et al., 2006) suggesting the mosaic nature of genomes
among MAC strains (Alexander et al., 2009). Interestingly,
large regions of genomic inversions were found among MAP
and MAH strains (Fig. 2; Wu et al., 2006), another indication
of the presence of a common ancestor between members
of the MAC group.
With the array constructed, genomic diversity and
evolution of the MAC complex organisms began to crys-
tallize into focus. The major genomic differences were
identified as insertions or deletions among MAC strains.
Large sequence polymorphisms were described and it was
suggested that diagnostic sequences might be contained
within these regions. A total of 6 genomic insertions spe-
cific to MAP comprise 125 kb, two of which are putative
prophages (Alexander et al., 2009). In contrast, one 10-kb
deletion (LSP8) is consistent in all MAP strains. Analysis
of the LSP regions as insertions or deletions led to the
proposal of a biphasic evolution of MAP (Alexander et al.,
2009). Added to these data was an extensive multilocus
sequencing study that suggested MAH is the ancestor strain
from which MAP and MAA independently evolved (Turenne
et al., 2008). Finally, it appears that MAP itself is genetically
homogenous with primary differences observed between
cattle and sheep strains. Therefore, genome sequencing of a
sheep isolate is recommended to complete this knowledge
gap. We are currently sequencing an ovine isolate from a
Suffolk sheep in the United States. This genome has recently
been assembled into a single scaffold and closing remaining
gaps will be done quickly. This genome will comprehen-
sively detail all the differences between sheep and cattle
isolates of MAP.
5. Defining the transcriptome in M. avium subsp.
paratuberculosis
Surprisingly, despite the number of studies using
the MAP or MAP–MAH microarray to identify genomic
differences through DNA hybridizations, very few inves-
tigators have advanced into transcriptomic experiments
using these same arrays. This is disappointing because
animal models for Johne’s disease need further devel-
opment (Hines et al., 2007) and transcriptomic studies
are expected to reveal which model host might best
simulate Johne’s disease. Furthermore, because there
are immunologically defined stages of Johne’s disease,
infected asymptomatic, subclinical and clinical, transcrip-
tomic studies might reveal what triggers the progression of
the disease into the next stage. Currently, identification of
MAP gene expression levels within cultured macrophages,
such as monocyte-derived macrophages, is a good way to
improve understanding of MAP pathogenesis. Although the
microarray and RT-PCR are the primary methods used in
such studies, transcripts of MAP infected bovine monocyte-
derived macrophages have also been identified by the
selective capture of transcribed sequences (SCOTS) method
(Zhu et al., 2008). In addition, differential display PCR was
used to identify gene expression differences in sheep tis-
sues (Zhong et al., 2009).
There are only a few published studies that use the
microarray to examine MAP transcriptional responses in
defined conditions. These include the response of MAP
exposed to artificial stress conditions such as low pH, heat
and oxidative stress (Wu et al., 2007), exposure to the rho-
danine agent D157070 (Bull et al., 2009), iron dependency
(Janagama et al., 2009) as well as natural stress condi-
tions (in fecal samples) (Wu et al., 2007). Surprisingly, a
large number of genes were activated following exposure
to low pH (n = 597) indicating the vigorous MAP response
to acidic conditions encountered during passage through
the calf digestive system or inside phagosomes of host
macrophages. In addition, MAP transcriptomes under heat
shock or oxidative stress were very similar to those of M.
tuberculosis (Wu et al., 2007) suggesting common respon-
sive pathways for these intracellular pathogens.
Moreover, D157070 was shown to kill both actively
growing and latent MAP. Transcriptome profiles of MAP
after D157070 treatment for up to 3 days compared to
untreated controls resulted in 63 differentially expressed
genes (Bull et al., 2009). What was most interesting about
this gene set is that 36 were arranged in adjacent clusters
or putative operons. One of these clusters (MAP4201 to
MAP4211) contained eleven genes, all showing increased
transcription in response to D157070 exposure. Fur-
thermore, of the 8 putative operons showing increased
transcription, 3 of these may be regulated by the SigL tran-
scription factor (Bull et al., 2009).
Like all living organisms, iron acquisition is critical,
but this is especially true for MAP. As mentioned above,
a phenotypic hallmark that defines MAP is the require-
ment for mycobactin J in the culture media. Without the
presence of this siderophore, MAP cannot grow. In the pres-
ence of iron, the MAP transcriptional regulator IdeR binds
to a 19 bp consensus promoter sequence called the iron
box and represses transcription of genes involved in iron
acquisition (Janagama et al., 2009). The MAP oligo array
was used to identify genes under the control of IdeR. The
mbtA was downregulated whereas bfrA (iron storage gene)
was upregulated in iron-rich laboratory media. In addition,
mbtE was upregulated in human macrophages, which is a
low iron environment. These data demonstrate that MAP
does regulate these genes in an iron-dependent fashion.
Other data have recently demonstrated that MAP
increases transcription of mycobactin (mbt) synthesis
genes (MAP2169c–MAP2178) inside bovine macrophages















Fig. 2. Extensive genomic rearrangement among MAC species. Genomic inversions between MAP K-10 and MAH 104 were visualized by aligning the two genome sequences with a multiple genome alignment
software, Mauve 2.3 (Darling et al., 2004). Upper panel shows the genome segment of MAP K-10, from coordinate 3,800,000, spanning the origin of replication, to coordinate 400,000. This MAP K-10 genome
sequence was revised based on a previous optical mapping study (Wu et al., 2009), with further re-assignment of genome coordinate according to the new genome synteny. The genome segment of MAH 104
(Refseq: NC 008595) between 4,400,000 and 400,000 is shown in the lower panel. Boxes of the same color represent homologous sequence fragments and are connected by lines of the same color. In the lower
panel, boxes above the horizontal axis represent MAH 104 fragments in the same direction as the counterparts of MAP K-10, whereas boxes below the axis represent inverted fragment. The red vertical lines and
rightward arrows indicate the location and direction of the first gene in either genome.
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Fig. 3. Differential transcription of MAP genes without mycobactin J in the
growth media. Shown are two hierarchical clustered plots, one showing
109 genes with increased transcriptional levels (indicated by red color)
in response to the absence of mycobactin J and 72 genes with lower tran-
scriptional activity (green color). The time points when samples were
taken for RNA extraction are indicated above each plot and indicate the
time exposed to media without mycobactin J. MAP2172c, a gene in the
middle of the mycobactin biosynthesis operon, is indicated in the right
margin. It shows a steady decrease in transcription with time. (For inter-
pretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)
other members of the MAC group or other species in the
genus. We examined the transcriptional profiles of MAP
exposed to Middlebrook 7H9 media with and without
mycobactin J for 0.5, 1, 3, 6, 12, and 24 h. A total of 109
genes were transcribed at higher levels in the absence of
mycobactin J while 72 genes showed reduced transcription
(Fig. 3). Although most of the mbt genes were not signifi-
cantly altered in their expression level, MAP2172c clearly
showed decreasing levels of transcription as time in media
without mycobactin J lengthened (Fig. 3).
Another publication represents the only study to look
at the MAP transcriptome during interaction with host
cells. These investigators examined MAP invasion of bovine
epithelial cells after the bacteria were inside mammary
epithelial cells (MAC-T) or exposed to milk (Patel et al.,
2006). This is an important question because transmission
of the bacteria is known to occur when calves nurse from
an infected dam. These results showed that there was a
significant increase in invasion of epithelial cells after MAP
was inside MAC-T cells for 24-h and after incubation with
milk. Thus the hypothesis is that mammary epithelial cells
prime MAP for invasion of intestinal epithelial cells, which
is thought to be the initial event in Johne’s disease. This
observation prompted an examination of which genes are
upregulated in MAC-T cells. RNA was extracted from MAP-
infected MAC-T cells at the 24-h time point, converted to
cDNA, and hybridized to the MAP oligo array. There were
20 genes expressed at a three-fold higher level than the
control (Patel et al., 2006). These genes included virulence
factors as well as a gene (MAP2751) present uniquely in
MAP, but has no known function (Bannantine et al., 2004).
6. Host response to M. avium subsp.
paratuberculosis infection
Transcriptomic studies on the host side in response to
exposure to MAP are farther along in terms of publications.
This may be due to the wider availability of arrays through
commercial vendors or greater interest in host response
versus pathogen response. The sequencing of the bovine
genome and other animal hosts has also helped advance
studies in this area (Elsik et al., 2009). The transcriptional
response to MAP infection has been explored for many
hosts. These include murine (Basler et al., 2008) and bovine
(Murphy et al., 2006) macrophages where MAA and MAP
infections were directly compared. Human macrophages
infected with MAP strains of diverse genotypes have also
been studied (Motiwala et al., 2006). The expression pro-
file of MAP infected sheep tissues (Smeed et al., 2009) and
bovine illeal tissue (Aho et al., 2003) as well as PBMCs
(Coussens et al., 2005, 2004b) has also been performed.
Transcriptome analysis on bovine PBMCs showed that MAP
infected cells are pro-apoptotic; however, very recent data
using FACS sorting to capture only infected cells indicates
that the opposite may be true (Coussens, unpublished).
The pro-inflammatory defense mechanisms of infected
murine macrophages are suppressed during infection
with MAP but not MAA or MAH (Basler et al., 2008).
An Affymetrix GeneChip® array that contains 22,690
murine transcripts showed pro-inflammatory factors that
include lipocalin, TNF-, IL-1 and IL-1 were expressed
at lower levels in MAP-infected macrophages compared
to MAA- or MAH-infected macrophages. However, in
bovine monocyte-derived macrophages, TNF- was not
upregulated in either MAA or MAP infections and IL-6,
a pro-inflammatory cytokine was upregulated (Murphy
et al., 2006). In fact, there is an overall suppression of
macrophage responses by MAP as compared to MAA (Weiss
et al., 2004). These findings suggest that bovine strains
of MAP generally modulate the host immune response to
prevent inflammation whereas MAA is more of an inflam-
matory stimulant. Interestingly, the sheep isolates of MAP,
regardless of their genotype, differ from the bovine strains
in that they induce pro-inflammatory gene expression pro-
files (Motiwala et al., 2006).
Several studies were completed using bovine peripheral
blood mononuclear cells (PBMCs) as the source of the RNA
due to the ease of isolation and yield of these cells. Gene
expression of bovine PBMCs isolated from cows subclini-
cally or clinical infected has been investigated (Coussens
et al., 2002). The PBMCs were incubated with MAP for 16-h
and gene expression was determined using the BOTL array.
They found 16 genes with increased expression and 11
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genes with decreased expression when comparing subclin-
ical and clinical cattle PBMCs. Greater expression of IFN-Y
and IL-10 and decreased expression of IL-1 receptor were
among the genes with different expression levels between
the two disease states. Another study examined tempo-
ral changes in PBMCs from healthy cattle after exposure
to MAP for 2, 4, 8 and 16 h (Coussens et al., 2004a). They
saw a decrease in differentially expressed genes as time
lengthened, indicating that MAP progressively quenched
any macrophage response.
Evaluating gene expression locally in the infected
tissues has also been studied. This approach is an improve-
ment because gene expression occurring at the site of
infection should give a clearer picture of local host response
rather than extracting RNA from circulating PBMCs, which
is easier to obtain in large quantities. Expression in ileal tis-
sue from MAP infected cows was compared to uninfected
control cows (Aho et al., 2003). IL-1 was one gene that
was significantly overexpressed and it was concluded that
overexpression of this gene may be responsible for many of
the clinical signs associated with Johne’s disease. Recently,
the first study to examine gene expression in the ileum
of sheep infected with MAP was undertaken (Smeed et al.,
2009). The investigators compared asymptomatic sheep
with those in the paucibacillary and multibacillary forms of
Johne’s disease. The cell-mediated immune response that
predominates in the paucibacillary form is type 1 CD4+
T cells whereas type 2 CD4+ T cells direct the multibacil-
lary form, which is the late stage of disease. These disease
states in sheep were more completely described recently
(Gillan et al., 2010). A total of 596 genes represented on
the 4824 spot ruminant immuno-inflammatory gene array
(Watkins et al., 2008) revealed 36 genes had a fold change
of ≥1.5 and a P ≤ 0.05. They not only obtained a list of
genes differentially expressed in each disease state, but
also discovered a genetic susceptibility in the form of a sin-
gle nucleotide polymorphism (IGFBP6 G3743), which is not
present in asymptomatic sheep (Smeed et al., 2009).
Thus the general trend observed in these host response
experiments is that MAP is efficient at nullifying the
macrophage response and prevents T cell activation. Thus
this bacterium is not considered an immune stimulating
agent, whereas other members of the MAC group (e.g. MAH)
are.
7. Conclusions
A lot of work has been completed in this field over the
past 2.5–3 years, but much remains to be accomplished.
The dominant theme for using microarrays in MAP research
appears to be defining genetic diversity and examining the
host response to MAP. Because of this focus, researchers
now have an excellent understanding of differences in the
genomes of MAP isolates and species within the MAC com-
plex. Also, a clearer understanding of how MAP affects the
host response is beginning to emerge. In general, MAP infec-
tion results in a strangling of the immune response. But
more work needs to be performed on the transcriptome of
MAP during infection. This area should be a central focus
to close the knowledge gap. Another knowledge gap to be
close is obtaining the genome sequence of a sheep isolate
since genomic and phenotypic differences between bovine
and ovine MAP isolates are more evident with each new
study.
It will be interesting to see whether new technologies
(such as deep sequencing) will take over in place of DNA
microarrays in both genomics and transcriptomic studies
of MAP. With the increase of complications associated with
Johne’s disease in cattle and the potential link to Crohn’s
disease in humans, we urge for more support from USDA
and its newly founded authority (NIFA) for research on
Johne’s disease. Advances achieved so far in the field of
MAP genomics and transcriptomics need to be followed by
specific gene(s) analyses and discoveries. Such knowledge
will be eventually translated to products such vaccines and
better control strategies directed towards Johne’s disease.
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